Introduction
The relaxor ferroelectric PVDF-TrFE-CFE terpolymer exhibits high electrostrictive strain and relatively high modulus [1, 2] and it is therefore a very promising material for actuator applications. Previous investigations [3] showed that bending actuators based on this terpolymer can exhibit large deflections. In the present paper, a new concept of a two-fluid micro-lens device is presented, where an integrated terpolymer actuator with controlled deflection is used to achieve the continuous variation of the focal length of the lens. This concept provides advantages over other tunable micro-lens concepts with mechanically or electrically driven designs [4] due to its potential for wafer level fabrication as well as the absence of moving parts.
Micro-lens design and fabrication

Tunable micro-lens design
As shown in Fig. 1(a) , the proposed micro-lens consists of two micro-fluidic chambers, which are sealed in between by an elastic membrane made of an elastomer (poly-dimethylsiloxane, PDMS). The elastomeric membrane defines the lens boundary, i.e. at its inner part, and it has attached to it, i.e. on its outer part, a specially developed bending actuator of radial shape. A compact micro-lens design is obtained by bonding the two micro-fluidic chambers together (i.e. all parts of the lens as presented in Fig. 1 ). The actuator is a multilayer stack made of PVDFTrFE-CFE (61.7%/29.8%/8.5%) terpolymer layers and metallic electrode layers. Its function is to pump liquids, which are enclosed in the micro-fluidic chambers, against the lens membrane and, hence, cause a deformation of the membrane. In this way, the lens membrane curvature, i.e. the focal length of the lens, is varied ( Fig. 1(b), 1(c) ). Additionally, this lens concept permits the injection of two fluids of different refractive indices (air and/or oils) in the micro-fluidic chambers. On account of this option, the micro-lens optical characteristics can be even more flexibly adjusted. 
FEM simulation
Finite element methods (FEM provided by Comsol ® ) were used to simulate the electro-mechanical behavior of the multilayered terpolymer bending actuator and to optimize therefore the micro-lens geometry. In order to improve upon the actuator deflection, several parameters had to be optimized in the simulation such as the actuator stack geometry, i.e. the polymer and the electrode layer thickness and lateral sizes, as well as the electrode material (Al and Au). Subsequently, the tunable two-fluid micro-lens was designed by employing multiple domains, stationary and transient 2D rotationally symmetric FEM simulations.
The results of the 2D rotationally symmetric simulation of a two fluid chamber lens with a 3 mm lens aperture and a footprint of 10 × 10 mm² are presented in Fig. 2 . Simulation shows that as a result of the actuator deflection, fluid 1 flows in the inner part of a radially shaped micro-fluidic chamber 1, where it causes the deformation of the lens membrane, while fluid 2 flows from the inner to the outer part of a micro-fluidic chamber 2. The transient
deformation of the lens membrane curvature is presented, at an initial stage, in the absence of an external voltage ( Fig. 2 (a) ), at an intermediate stage and at a final deformation stage upon application of an electric voltage on the actuator (Fig. 2 (b) and 2(c)). A maximum actuator deflection of about 100 μm and a maximum lens membrane deflection of about 400 μm were achieved for an applied voltage of 150 V. Fig. 2 . Transient, 2 D rotationally symmetric method, (multiple domain) simulation of a tunable micro-lens with two chambers filled with two incompressible fluids. Here, RL is lens radius and Wa actuator width. The voltage applied on the actuator is indicated (here, the lens membrane has thickness t = 20 μm and elastic modulus = 1.8 MPa; bimorph actuator has one electrostrictive layer of t = 2 μm and = 300 MPa).
Micro-lens chip fabrication
A micro-fluidic chamber of the proposed tunable micro-lens concept was fabricated and tested. The manufacturing steps for the micro-lens chip included actuator fabrication in a layer-by-layer process flow and micro-fluidic chamber fabrication by silicon wafer bulk micro-machining. The polymer actuator stack was fabricated by processes such as polymer layer spin-coating and metallic (Al or Au) electrode deposition by means of thermal evaporation or sputtering, with the electrode shape being defined by shadow masks. An image of the electrode structure is shown in Fig. 3(a) . The actuator was transferred on the micro-machined silicon wafer and the excess polymer material was removed by oxygen-plasma etching. An actuator stack mounted on a silicon microfluidic chamber is presented in Fig. 3(b) .
On the other hand, the micro-fluidic chamber was fabricated by silicon wafer bulk micro-machining (Fig. 3(c) ). A special process flow was developed to precisely etch wide and round open areas on a silicon wafer. Further the micro-fluidic chamber and the actuator stack were bonded together by applying oxygen-plasma treatment. At last the actuator was attached via electrical connectors to external driving electronics and the micro-fluidic chamber was filled with oil and sealed. The fabricated tunable micro-lens assembly is presented in Fig. 3(d) . 
Focal length measurements
The change in the focal length of the electrically driven oil-filled micro-lens device was detected by observing the change in the spot size of a laser beam travelling through the lens, with a laser beam profiler. The voltage applied on the actuator was varied. Fig. 4 presents the focal length measurements, i.e. the optical power of the lens as a function of the applied voltage, based on the evaluation of the spot size change. The measurements show that focal length variations as large as 16.1 dpt could be obtained for an applied electric field of about 90 V/μm. It should be noted that dielectric breakdown has not occurred; hence the electric field could be increased even more. As shown in Fig. 4 the obtained optical power exhibits a quadratic dependence on the applied electric field, which is consistent with the electrostrictive effect in the terpolymer actuator [1, 3] . Further design and technology development aims to improve the actuator deflection and reduce the driving voltage of the lens.
Conclusions
A micro-fluidic tunable micro-lens device with an electrostrictive polymer actuator has been designed using simulation and fabricated by means of silicon wafer bulk micro-technology. Continuously voltage adjustable focus and wide tuning range could be demonstrated.
